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Abstract
At present a number of techniques for artificial strengthening weak foundation soils have been developed and implemented, most 
of them having poor efficiency due to expensive materials and equipment used. Therefore, studying and developing new ways to 
improve soil bearing capacity is an urgent task. The paper presents the experimental study of one of the ways to improve soil 
bearing capacity and stability through introduction of a sandy pile reinforced vertically along the contour with a geosynthetic 
permeable element (geogrid CCP 30/30 – 2.5). A technique for determining the temporal strain condition of the given structure 
has been developed after the linear theory of viscoelasticity. Theoretical calculations for the vertical movements of the pile body, 
comparable with the results of in-situ tests are presented.
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1. Introduction
Foundation is the principal structural component in the bearing skeleton of a building which takes the overall 
loads of the structure and passes them to the ground. Foundation materials consumption in a low-rise residential 
building varies from 10 to 30%. Construction in Tyumen Region is difficult because of the weak clay soils which 
are widely spread. Thus, there is a need to develop new methods to strengthen soils’ bearing capacity. At present, a 
variety of ways to strengthen foundation soil to design elevations has been developed and implemented, most of 
them having poor efficiency due to expensive materials and equipment used. Therefore, research and development 
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of new ways to improve the bearing capacity of water-saturated ground beds in engineering structures, including 
implementation of new methods of reinforcement, is an urgent task [1, 2, 3].
2. Review
In 2009 a group of researchers from TSUACE patented a technique for strengthening the bearing capacity and 
stability of the foundations built on weak water-saturated soils [4]. According to this technique, a sandy pile 
reinforced vertically along the contour with a geosynthetic permeable element (geogrid CCP 30/30 – 2.5) is 
arranged under the shallow foundation in the ground bed composed of weak soil [5]. Sand does not come out 
beyond the reinforcing element due to its small cells. The effectiveness of the proposed technique for strengthening 
the bearing capacity of water-saturated clay soil was determined after laboratory experiments carried out on small-
scale models [6, 7 and 8].  To view the object qualitatively, experimental data obtained under identical conditions 
but with different alternatives for strengthening foundations were compared. The comparative analysis of 
strengthening water-saturated clay soil resulted in the “settlement-pressure” diagram (Fig. 1). 
The analysis of experimental data showed that reinforced sandy piles driven in water-saturated clay soil reduced 
stamp setting by 55% in comparison with the natural bed and by 30% in case of non-reinforced sandy piles. The 
bearing capacity of the tested foundation soil strengthened with the reinforced sandy pile was 25% in setting S = 4 
cm compared with the bed stabilized with the sandy pile, and 40% in comparison with the natural bed. Introduction 
of the reinforcing element along the contour of the sandy pile restricted its transverse deformation, and thus reduced 
settings due to decreasing compressive strain of sand [5, 9].
Fig. 1. “Settlement-pressure” diagrams: 1 – foundation soil reinforced with a sandy pile;  2 – foundation soil with a driven sandy pile;   3 –
foundation soil reinforced vertically with a geogrid  along the contour; 4 – foundation soil reinforced vertically with a permeable element (a film) 
along the contour; 5 – unstable foundation soil:
The laboratory experiments helped identify the effectiveness of using reinforced sandy piles in water-saturated 
clay soils in comparison of alternatives. The results of studies formed the basis for an in-situ experiment to 
determine stress-strain condition of the core bed strengthened with the reinforced sandy pile.
A series of four experiments with identical geometric and physical-mechanical characteristics of reinforced sandy
piles and foundation soil was carried out on the experimental area located in Stantsionnaya Street, Leninsky district, 
Tyumen [10, 11]. To implement a series of experiments four reinforced sandy piles 0.8 m in diameter and 3 m in 
height were introduced into the ground bed.
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Fig. 2. Reinforced sandy pile
Numerical data were obtained after in-situ tests which made it possible to conclude that stamp setting under the 
load of P = 0.111 MPa corresponding to the load from the low-rise residential building was S = 0.0252 m.
In-situ tests revealed the following features of the vertical deformation of the bed strengthened with the 
reinforced sandy pile:
x In the early stages of loading one could observe compaction of the pile body with simultaneous horizontal 
deformation in the upper part of the reinforcing element;
x Increasing the load on the reinforced sandy pile was accompanied by increased rigidity of the pile, which gave 
rise to frictional forces at its side surface and soil resistance under the foot.
Reinforced sandy piles driven in water-saturated clay soil make it possible to alter distribution of vertical stresses 
in the bed if pressure under the stamp is close to the design resistance of the soil [12].
3. Problem
Laboratory and in-situ tests have shown that reinforced sandy piles under the stamp on water-saturated clay soil 
lead to lower settings and greater ultimate limit loads on the stamp. An analytical method for calculating the stress-
strain condition for the proposed technique is needed. Theoretical calculations for the weak clay foundation 
strengthened with the sandy pile reinforced along the contour with a curved foot support are given in [13, 14].
For theoretical reasoning to use reinforced sandy piles we offer the linear theory of viscoelasticity after which the 
problem-solving on determining the vertical displacements of reinforced sandy piles is divided into two stages [15, 
16]. In the first stage we solve the problem in the elastic formulation instead of a viscoelastic problem; Hooke's law 
is used for soil where the mechanical characteristic serves as the function of coordinates. In formulating the 
viscoelastic problem Boltzmann law is used instead of a physical equation. Then after Borel theorem Boltzmann law 
is recorded in a graph as a product of factors. Thus, in the second stage the corresponding viscoelastic solution in 
Laplace-Carson is recorded instead of elastic solutions. The second stage is focused in applying redesignation and 
then we move from solution in the graph to solution in the original for a fixed point of space (time function). 
Let us consider the problem of loading the reinforced sandy pile embedded in water-saturated soil with the static 
distributed load p0 and the force of friction on its side   The result is a design scheme (3) corresponding to the in-situ 
test. 
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The behavior of the pile under loading is evaluated by the differential equation derived from the equations of 
equilibrium of all forces acting on the pile [17]:
െୢ୛(୸)
ୢ୸
ή E(z) ή Aെ k ήW(z) =  0, (1)
with the following boundary conditions:
  ୢ୛(୸)
ୢ୸
ή E(z)ቚ
୸ୀ଴
= െp଴;         (2) 
where  ୢ୛(୸)
ୢ୸
– longitudinal deformation of the reinforced sandy pile; A – cross sectional area of the pile (m2); k 
– factor of proportionality between the vertical movements of W(z) and the frictional force occurring on the side 
surface of the pile (MH/m); W(z) – vertical movements of the reinforced sandy pile (m), E(z) – mechanical 
characteristic of the reinforced sandy pile placed in water-saturated soil (MPa).
4. Description of studies
When solving the differential equation (1) with the boundary condition (2) we obtain the expression for vertical 
displacement of the pile body in elastic formulation:
ܹ(ݖ) =  ௣బή஺
௞
ή ݁ି 
ೖή೥
ಶ(೥)ήಲ         (3) 
Fig. 3. Design scheme for the reinforced sandy pile
Mechanical characteristic is determined after experimental data by the method described in [18, 19]. Fig. 4 shows 
graphs of the average mechanical characteristic of the reinforced sandy pile embedded in soil E(t) and its image 
E*(pi) [20].
In the second stage we make transition from the elastic problem to the solution of the viscoelastic problem based 
on the principle of Volterra, i.e. using redesignation Wė[W]*, Eė[E]*. Then movements (3) in Laplace-Carson 
graphs take the form:
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ܹכ(ݖ,݌௜) =  ௣బή஺௞ ή ݁
ି ೖή೥ಶכ(೛೔)ήಲ (4)
Then for a given cross-section of the pile let us make approximate transition on the system of pi from the known 
graph to the desired original applying the simplest numerical method [21]. The method is based on splines of the 
special form with the unknown parameters [14]. As a result, to determine the parameters of the desired original we 
compose the system of linear algebraic equations; the order is determined by a subinterval.
For the numerical calculation of the vertical displacements of the reinforced sandy pile body the following 
parameters of the experimental model were used: the height of the pile h = 3 m; sectional area A = 0.5 m2; the load 
transmitted to the pile P0 = 0.111 MPa, k = 3.472 MN/m.
Thus, the function W(t) becomes a known function of time in z = 0; the graph is shown in Fig. 5.
The maximum discrepancy between the results of the forecast and in-situ test data at the initial time is 30.5%, in 
the period from 37 to 83 days the maximum difference is 20.6%.
According to the results, we can conclude that the simplest numerical method allows us to describe the temporal 
change in mechanical properties and vertical movements of the reinforced sandy massif embedded in water-
saturated clay soil. 
The technique based on axisymmetric problem of Lame for calculating the radial movements in the element 
made of geosynthetic material is suggested in [22] for elastic version. Radial movements in the upper section of the 
pile are 0.24% from the outside diameter of the reinforcing member, and in the lower section – 0.19%. The resulting 
small values of movements have led to the conclusion that the geogrid was chosen quite constructively.
Fig. 4. Function graph E(t) and its images E*(p) 
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Fig. 5. Variation of stamp setting (movement in z = 0) in time: (            ) – experimental data, (            ) – theoretical data.
4. Conclusion
The experiments and theoretical studies have shown that the reinforced sandy pile under the stamp on water-
saturated soil reduces the stamp setting in 2.2 times compared to the natural bed, and in 1.4 times compared to the 
bed strengthened with non-reinforced sandy piles. After the linear theory of viscoelasticity the technique for 
measuring temporal strain of the given structure has been developed and theoretical calculations for vertical 
movements of the pile body comparable with the results of in-situ tests have been presented.
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